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Introduction {#sec001}
============

Phage mediated mobilization of pathogenicity islands, i.e. genetic elements encoding virulence factors and toxins in *Staphylococcus aureus* (SaPI) has been an intensively studied field in recent years \[[@pone.0139086.ref001]\]. It has been shown that excision and replication of SaPIs is induced by formation of a repressor:derepressor complex constituting the Staphylococcal master repressor protein and another phage-related protein \[[@pone.0139086.ref002],[@pone.0139086.ref003]\]. In the specific case of the SaPIbov1 pathogenicity island repressor Stl (abbreviated as Stl in the present study), the derepressor is a phage-related dUTPase enzyme \[[@pone.0139086.ref003]\]. dUTPases are important guardians of genome integrity \[[@pone.0139086.ref004],[@pone.0139086.ref005]\]. Their physiological role is to deplete the cellular dUTP pool to prevent incorporation of uracil into DNA \[[@pone.0139086.ref006],[@pone.0139086.ref007]\]. The enzyme family of dUTPases constitutes two large subfamilies with different protein structure but very similar catalytic function \[[@pone.0139086.ref008],[@pone.0139086.ref009]\].

In-depth studies on the Stl:dUTPase interaction revealed an additional function of the Stl repressor, namely it has been proven to be an effective inhibitor of the dUTPase enzyme from the Φ11 Staphylococcal phage \[[@pone.0139086.ref010]\]. In addition, we have recently shown that Stl might be a cross-species general dUTPase inhibitor, which may open new horizons in studying dUTPase cellular function \[[@pone.0139086.ref011]\]. Moreover, since dUTPase has been proposed as a significant novel target in antimycobacterial drug design \[[@pone.0139086.ref012]--[@pone.0139086.ref014]\], Stl may also be a possible candidate for designing protein-based dUTPase-inhibitors to fight *Mycobacterium tuberculosis*.

For the dUTPase enzyme family, detailed studies have already addressed its structural and functional characteristics \[[@pone.0139086.ref008],[@pone.0139086.ref015]--[@pone.0139086.ref021]\]. In contrast to the essential role of Stl-like repressors in the patho-mechanism and in the horizontal gene transfer of several toxins, no structural information has yet been reported for any of the SaPI repressor proteins or their complexes.

The SaPIs are generally considered as phage originated genetic elements, and this is supported by their mobilization by phage proteins. Similarly to master repressors of temperate phages Stl is an autoinducer \[[@pone.0139086.ref002]\], and blocks the expression of genes *int*, *xis* and *str*, which are responsible for SaPI excision and replication \[[@pone.0139086.ref022],[@pone.0139086.ref023]\]. It has been shown that one of the DNA-binding sites of Stl resides within the *stl*-*str* intergenic region, which coincides with the repression of genes downstream to that region \[[@pone.0139086.ref022]\]. Other binding sites or sequence specificity of Stl have not been identified yet, however the question is intensively studied by our laboratory.

Based on functional similarities, the gene regulation mechanism of Stl may be adequately modeled by the mechanism of the main lifecycle regulator CI repressor of temperate phages. Within this model, repressor proteins are responsible for binding to a specific DNA segment thereby preventing excision and replication of the relevant genetic segments. The CI repressor proteins have separate domains for DNA binding and protein binding \[[@pone.0139086.ref024],[@pone.0139086.ref025]\]. The protein binding domain is usually responsible for oligomerization of the repressor and for the interaction with the derepressor protein \[[@pone.0139086.ref024],[@pone.0139086.ref026]--[@pone.0139086.ref028]\]. The oligomerization makes the regulation more sensitive to the alteration of protein concentration since it depends on the oligomer monomer equilibrium \[[@pone.0139086.ref028]\]. Higher order oligomers are suitable for more complex regulation patterns \[[@pone.0139086.ref029],[@pone.0139086.ref030]\]. The mechanism of derepression can be reversible or irreversible. Prophage induction in lambdoid phages is achieved through a RecA binding induced specific autoproteolytic inactivation of the maintenance repressor \[[@pone.0139086.ref031]\]. Several P2 related repressors are inactivated through a noncovalent complex formation with the derepressor protein \[[@pone.0139086.ref032]--[@pone.0139086.ref035]\]. The DNA binding function of repressors can be performed through several different structural motifs, such as helix-turn-helix (HTH) as in CI repressor protein of lambda phage, winged- helix turn helix (wHTH) as in the MuR repressor protein of Mu phage, and the antiparallel β-strands of the ribbon-helix-helix (RHH) fold as in Arc repressor of P22 phage \[[@pone.0139086.ref036],[@pone.0139086.ref037]\].

Based on these models, our focus was to resolve how potential domains within the Stl repressor may be defined. Towards this end, first we created a structural model of the full length Stl protein and investigated its folding by synchrotron radiation circular dichroism (SRCD) measurements. Based on the 3D model verified by CD results, we produced truncated and point mutants and studied their function in DNA and dUTPase binding. We show that the produced carboxy-terminal segment is an independently folded domain, which retains its binding affinity to dUTPase, but shows reduced inhibitory effect. The amino-terminal putatively DNA binding segment was also studied by point mutations. Our experimental results convincingly support the predicted position of helix-turn-helix motif.

Materials and Methods {#sec002}
=====================

Homology modeling and *in silico* predictions {#sec003}
---------------------------------------------

The 3D homology model of Stl was constructed using the Phyre2 Server in intensive mode. Seven templates were selected by the program (PDB IDs: 1E3O, 4YV9, 2GRM, 4RYK, 2QFC, 2AXZ, 2EBY) to model Stl protein based on heuristics to maximize confidence, percentage identity and alignment coverage \[[@pone.0139086.ref038]\]. Five out of the seven templates covered \>90% of the Stl sequence, while the other two templates provided only partial coverage of the sequence, but with higher local similarity. In the final model, 97% of residues were modeled at \>90% confidence (see Table A in [S1 File](#pone.0139086.s001){ref-type="supplementary-material"} for additional information on the template proteins). Homology prediction was made using HHpred \[[@pone.0139086.ref039]\], subsequent 3D structure predictions with Modeller was performed with automatic template selection and also with the Phyre2 hits manually selected as templates from the HHpred list \[[@pone.0139086.ref040]\]. Related structures were searched in the Molecular Modeling Database (MMDB) also referred to as the Entrez Structure database \[[@pone.0139086.ref041]\]. Functional domain search was performed by Pfam and NCBI Conserved Domain Database \[[@pone.0139086.ref042],[@pone.0139086.ref043]\]. The possible position of the helix-turn-helix (HTH) DNA binding motif in the sequence was predicted by NPS@ server \[[@pone.0139086.ref044]\]. Disorder prediction during construct design was performed by using GeneSilico MetaDisorder service \[[@pone.0139086.ref045]\]. To compare the homology model to the structural information obtained experimentally by SRCD spectroscopy, the secondary structure composition of the model, including the helix content, was assigned using the DSSP algorithm \[[@pone.0139086.ref046]\] and the BeStSel and CONTIN secondary structure definitions \[[@pone.0139086.ref047],[@pone.0139086.ref048]\].

Cloning and expression of proteins {#sec004}
----------------------------------

The cDNA of Stl-CTD was made by PCR amplification from the pGEX-4T-1 vector containing Stl protein (GenBank ID AAG29617.1) described in our previous work \[[@pone.0139086.ref010]\]. For the amplification of Stl-CTD the Stl-CTD-F (5'-TATTGAATTCAGCCCGACCCTGAACG-3') and the Stl-CTD-R (5'-GGTCCTCGAGTT AGTTGGTATCTTTTTCCAGAATAATTTTTTTCTGATG-3') primers were used. The resulting insert was cloned with EcoRI and XhoI restriction sites of the pGEX-4T-1 vector in frame with the amino-terminal GST tag and the thrombin cleavage site. A stop codon was mutated to the full length sequence to provide a construct for the N-terminal segment of Stl (residues 1--84) by QuikChange site-directed mutagenesis (Stratagene) using mutagenic primers Stl-NT-F 5\'- GCGATGAATTTAAAGAAAAAGGCTATTAGCTAACTGAGCCCGACCCT GAACG -3\') and Stl-NT-R 5\'- CGTTCAGGGTCGGGCTCAGTTAGCTAATAGCCTTTTTCTTTAAATTCAT CGC -3\'. Stl- Q40A,N41A (Stl-AA) mutant was created from the original vector by QuikChange site-directed mutagenesis (Stratagene) using mutagenic primers Stl-AA-F 5\'-CGTTTTCATGGTTGCTAATGGTCGCT GCGCTAAAGCCGGTGCG-3\') and Stl-AA-R 5\'-CGCACCGGCTTTAGCGCAGCGACCATTAGCAACCAT GAAAACG-3\'. DNA sequencing for verification of the resulting constructs were performed by Eurofins MWG Operon. Vectors were transformed to into *Escherichia coli* strain BL21 Rosetta (DE3) and propagated in 500 ml LB till exponential growth, then the culture was induced with 0.5 mM iso-propyl-β-D-thiogalactoside. After induction, the cell cultures were grown at 303 K for further 4 h. Finally the cells were harvested by centrifugation and stored at 193 K. Protein over-expression from the created constructs, except the one which encodes the N-terminal segment, was successful.

Purification of proteins {#sec005}
------------------------

For purification of GST-tagged proteins (Stl, Stl-CTD, Stl-AA), cell pellets were solubilized using Potter-Elvehjem homogenizer in 20 ml buffer A (15 ml Hepes (pH 7.5), 200 mM NaCl) supplemented with 2 mM dithiothreitol (DTT), 1% Triton X-100, ca. 2 μg/ml RNase and DNase and one tablet of Complete ULTRA Tablets, Mini, EDTA-free protease inhibitor. Cell suspensions were sonicated (4 x 60 s), and centrifuged (16000g for 30 min). Supernatant loaded on a pre-equilibrated benchtop glutathione-agarose affinity-chromatography column (GE Healthcare). The column was washed with ten volumes of buffer A (200 mM NaCl). After that 80 Cleavage Units thrombin (GE Healthcare) was added to perform on-column cleavage for the removal of GST tag. After overnight cleavage purified were obtained in the flow-through.

Purification of Φ11dUTPase was performed as described previously \[[@pone.0139086.ref049]\]. Briefly, supernatant resulting from centrifugation of cell lysate was purified on Q-Sepharose (GE Healthcare) anion-exchange column, followed by gel filtration on a Superdex 75 column (GE Healthcare) using an AKTA Explorer purifier. Protein preparations were used freshly or were flash-frozen in liquid nitrogen, and stored at 193 K. All protein preparations were \>95% pure as judged by SDS--PAGE.

Protein quantification {#sec006}
----------------------

Protein concentration was measured using NanoDrop 2000 UV-Vis spectrophotometer using the following A ^0.1%^ ~280~ values 1.087, 1.261, 1.090 and 0.786 ml \* mg^-1^\* cm^-1^ for Stl, Stl-CTD, Stl-AA and Φ11dUTPase respectively, calculated based on amino acid composition (<http://web.expasy.org/protparam/>).

Native polyacrylamide gel electrophoresis {#sec007}
-----------------------------------------

Native gel electrophoresis was performed in 8% polyacrylamide gel. After preparation the gel was subjected to pre-electrophoresis with constant voltages of 100 V. Then 25 μl of the premixed samples was applied on the gel and electrophoresis was performed for 1.5 hours on 150 V in pH 8.7 Tris-HCl buffer. The apparatus was cooled on ice during electrophoresis in order to avoid denaturation caused by the evolving heat. Coomassie-Brilliant Blue dye washed to stain the gel.

Electrophoretic mobility shift assay (EMSA) {#sec008}
-------------------------------------------

EMSA experiments were performed using a 57mer dsDNA oligonucleotide (5'-GCTCATATTATTCCTCTCCTACCATTTTATCTCTAATTGAGATATTTATATTCAGAT-3') based on our previous results. Complementary oligonucleotides were custom synthesized by Eurofins MWG Operon and hybridized by controlled gradual cooling after 5 minutes incubation on 95°C. The investigated proteins were mixed with 100 ng DNA and in 20 μl total volume, concentration of NaCl was set to 100 mM in all the samples. After incubation for 15 min at 4°C, samples were loaded onto 8% polyacrylamide gel. Electrophoresis was performed in Tris- Borate- EDTA (TBE) buffer for 70 min at room temperature, following 1 h pre-electrophoresis of the gel. Bands were detected after staining with GelRed (Biotium), using a Uvi-Tec geldocumentation system (Cleaver Scientific Ltd., Rugby, UK).

Steady-state kinetics experiments {#sec009}
---------------------------------

Proton release during the transformation of dUTP into dUMP and PPi was followed using a Jasco V550 spectrophotometer at 559 nm and 293 K \[[@pone.0139086.ref050]\]. Reaction mixtures contained 20 nM Φ11 dUTPase enzyme in 1 mM HEPES--HCl (pH 7.5) containing 5 mM MgCl~2~, 150 mM KCl and 40 mM phenol red pH indicator. After preincubation of the two proteins for 5 minutes the reaction was started with the addition of 20 mM dUTP. The initial velocity was determined from the slope of the first 10% of the progress curve. Quadratic binding equation was fitted to the data.

Synchrotron radiation circular dichroism (SRCD) measurements and CD spectrum analysis {#sec010}
-------------------------------------------------------------------------------------

SRCD spectrum of Stl was recorded at the DISCO beamline of SOLEIL French Synchrotron Facility (proposal No. 20140646). The Stl concentration was 2.1 mg/ml in a buffer of 50 mM Hepes, 200 mM NaCl, pH 7.5. A CaF~2~ cell with a path length of 6.13 μm was used. 38 scans were accumulated in the 180--270 nm wavelength range at 1 nm steps with a lock-in time constant of 300 msec and integration time of 1200 msec. In this wavelength range and path length, the photomultiplier voltage did not exceed the 700 V limit. After baseline subtraction, the spectrum was corrected with the CSA calibration \[[@pone.0139086.ref051]\].

To estimate the secondary structure content, the CD spectrum was analyzed by the BeStSel \[[@pone.0139086.ref047]\] and CONTIN methods \[[@pone.0139086.ref048]\]. These algorithms distinguish two types of spectrally different helical components, helix1 and helix2. Helix1 is the regular, middle part of the helix where all the backbone-backbone hydrogen bonds are formed and helix2, called "distorted helix", consists of the two-two residues at the ends of the helix with unsatisfied H-bonding. The helix2 content together with the helix2/helix1 ratio provide a chance to predict the number and average length of helices in the protein \[[@pone.0139086.ref052]\]. We have to note that BeStSel defines helix as α-helix while the CONTIN definition includes α-helix and 3~10~-helix. Usually the 3~10~-helix content is low or absent and we expect similar results for the two algorithms.

Results and Discussion {#sec011}
======================

Stl protein is mainly α-helical {#sec012}
-------------------------------

In lack of atomic resolution structural information, the structure of Stl was analyzed by *in silico* methods and synchrotron radiation circular dichroism (SRCD) spectroscopy. The predicted homology model as provided by the Phyre2 Server \[[@pone.0139086.ref038]\] applying intensive mode is shown on [Fig 1A](#pone.0139086.g001){ref-type="fig"}, while the templates used for modeling are listed in Table A in [S1 File](#pone.0139086.s001){ref-type="supplementary-material"}. The Stl sequence was entirely covered by alignment with the template sequences, with the exception of a very short part of the N-terminus (residues 1--7), which were modeled by *ab initio* methods. Apart from these first few residues the confidence of the alignment was more than 95%, so we assume that the overall fold and the core of the protein is modeled reliably, although the orientation of the surface loops are less well-defined. Based on this model, the repressor protein has a mostly α-helical (74%) secondary structure thus it is likely to belong to the class of "all-α" proteins (SCOP ID 46456) that includes various protein superfamilies. Related structures found by the Molecular Modeling Database (MMDB) with E-value \> 10^−6^ (PDB ID: 2B5A, 3NTG, 2P5T) are also proteins with mostly α-helical fold \[[@pone.0139086.ref041]\]. Since the predicted fold type is shared by numerous proteins performing vast array of functions and the sequence identity between the templates and Stl are relatively low, we did not analyze the template proteins in detail. To compare this model with others generated by alternative structural annotation servers Stl sequence was submitted also to the HHpred predictor \[[@pone.0139086.ref039]\]. All templates used by Phyre2 (cf. Table A in [S1 File](#pone.0139086.s001){ref-type="supplementary-material"}) with the only exception of the human transcription factor Oct-1 were also within the list of closest homologs provided by HHpred. Following the HHpred search 3D structural models were generated by Modeller in two ways, i) with automatic template selection, which optimizes diversities of query and template HMMs, reranks templates and automatically selects best set, and ii) with the Phyre2 hits manually selected from the HHpred list as templates \[[@pone.0139086.ref040]\]. The first approach provided a well defined structural model only for the N-terminal residues (1--75), while the other resulted a structural model for almost all residues, however the C-terminal 33 residues are unstructured even in that model. Both the Phyre2 and the Modeller 3D structures agreed in that the protein is mostly α-helical and contains an N-terminal HTH motif ([S1 Fig](#pone.0139086.s002){ref-type="supplementary-material"}). However the orientation of the helices except the HTH was quite different in the two types of models.

![(A) Homology model of the Stl protein.\
Ribbon representation of the homology model of the *Staphylococcus aureus* pathogenicity island repressor Stl produced by Phyre2 Server \[[@pone.0139086.ref038]\]. Based on the homology model the protein is highly α helical (74%), and seems to be divided into two segments: the amino terminal segment colored cyan and the carboxy-terminal segment colored hotpink. According to Pfam and NCBI CDD the protein is predicted to contain a helix-turn-helix DNA binding motif. The position of the HTH predicted by NPS@ server is colored to dark blue \[[@pone.0139086.ref044]\]. **(B) SRCD spectrum of Stl and fitted curves by BeStSel and CONTIN algorithms.** Stl was measured at 2.1 mg/ml concentration in 50 mM Hepes, 200 mM NaCl, pH 7.5.](pone.0139086.g001){#pone.0139086.g001}

Secondary structural elements of the full length Stl protein were also experimentally characterized by CD spectroscopy. CD spectroscopy is a frequently used method to assess protein conformation: tertiary structural elements can be well reflected in the near-UV wavelength range (250--380 nm) \[[@pone.0139086.ref053]\], while secondary structural elements show well-known spectral characteristic in the far-UV wavelength range (180--240 nm) \[[@pone.0139086.ref048],[@pone.0139086.ref054]\]. Due to the high far-UV absorption of the 200 mM NaCl in the buffer, these measurements were performed using synchrotron radiation CD (SRCD) providing extended wavelength range and increased signal/noise ratio compared to conventional CD measurements. The observed spectral shape was characteristic of α-helical proteins ([Fig 1B](#pone.0139086.g001){ref-type="fig"}). The secondary structure content was quantitatively estimated from the CD spectrum by the BeStSel \[[@pone.0139086.ref047]\] and CONTIN \[[@pone.0139086.ref048]\] algorithms showing 67.6 and 63.3% α-helix content respectively ([Table 1](#pone.0139086.t001){ref-type="table"}). For both algorithms, the predicted β-sheet content was low, being close to zero within the accuracy of the methods. Only the Phyre2 model was suitable for a comparison to the results of the SRCD measurements since it provided a 3D model for the whole protein ([Table 1](#pone.0139086.t001){ref-type="table"}). The Stl Phyre-predicted 3D model shows similar secondary structural composition to that of the CD analysis within the experimental error supporting the reliability of the model. The two CD analysis methods also provided the possibility of estimation of the length and number of helical segments in the protein, which are in good agreement with the model, as well ([Table 1](#pone.0139086.t001){ref-type="table"}). The accordance of the data obtained from the CD spectra and from the Phyre2 model, led us to consider this 3D model as a useful starting point for construct design and analysis tool for the Stl-like proteins.

10.1371/journal.pone.0139086.t001

###### Secondary structure estimation from the synchrotron radiation CD spectrum of Stl and comparison to the homology model.

![](pone.0139086.t001){#pone.0139086.t001g}

                         BeStSel   CONTIN          
  ---------------------- --------- -------- ------ ------
  Helix1                 44.6      40.0     44.5   42.5
  Helix2                 23.0      21.4     18.8   21.4
  β-sheet                3.6       0.0      6.3    0.0
  Turn                   8.4       7.5      9.0    10.4
  Others                 20.5      31.1     21.4   25.7
  Number of helices      16        15       13     15
  Average helix length   11.8      11.5     13.5   11.9

^a^The secondary structure composition from the CD spectrum was estimated by the BeStSel and CONTIN algorithms. The two algorithms use different secondary structure components, however, the overall helix, β-sheet and turn+others contents are comparable.

^b^The secondary structure contents were also calculated for the Phyre2 homology model using the DSSP algorithm \[[@pone.0139086.ref046]\] and the BeStSel and CONTIN definitions \[[@pone.0139086.ref047],[@pone.0139086.ref048]\].

Stl may possess two segments with distinct functions {#sec013}
----------------------------------------------------

The 3D homology model revealed that the Stl protein-- as numerous other repressors --seemingly consists of two segments, which may fold independently ([Fig 1A](#pone.0139086.g001){ref-type="fig"}). Pfam and NCBI CDD protein domain annotation engines \[[@pone.0139086.ref042],[@pone.0139086.ref043]\] predicted that Stl contains a helix-turn-helix DNA binding motif (HTH) at the amino-terminal part of the protein (between residues 15--68; with expectance value of 7.97 ·10^−11^). The HTH was predicted to reside between residues 27--48 with 100% probability by NPS@ server \[[@pone.0139086.ref044]\]. In addition, we used the MetaDisorder server \[[@pone.0139086.ref045]\] to estimate flexibility characteristics of the Stl protein ([S2 Fig](#pone.0139086.s003){ref-type="supplementary-material"}). Although these flexibility predictors provided rather different pattern, most agreed in indicating that a somewhat more ordered segment residues between residues 95--150, C-terminal to the HTH motif.

Based on these *in silico* predictions we hypothesized that the Stl, similarly to other well-known repressors, possesses two segments, with putative distinct functions. We hypothesize that the amino-terminal segment encodes DNA binding function, while the carboxy-terminal segment may be responsible for other protein-protein interactions. In the context of the Stl protein, complex formation with another protein partner, namely phage dUTPase was already shown to exist \[[@pone.0139086.ref010]\]. Hence, we speculated that this C-terminal segment may be involved in binding to phage dUTPase. We set out to investigate these suggestions and asked whether the N-terminal and C-terminal segments may fold independently and may still provide either DNA-binding or dUTPase-interacting function. To define the boundaries of the designed constructs, we relied on the i) the results from the flexibility annotation server ([S2 Fig](#pone.0139086.s003){ref-type="supplementary-material"}) ii) the Phyre2 structural prediction iii) length of the N-terminal protein constructs in experimentally determined three-dimensional structures of DNA-bound bacteriophage repressors \[[@pone.0139086.ref055]--[@pone.0139086.ref060]\]. With these considerations, a truncated construct encoding the C-terminal segment (residues 84--263) was produced by PCR based cloning and a stop codon was mutated to the full length sequence to obtain a construct for the N-terminal segment of Stl (residues 1--84). The expression of N-terminal segment proved to be unsuccessful even if attaching this segment to a GST-tag, indicating that the N-terminus of Stl, truncated at residue 85, may not fold independently. It was therefore not straightforward to analyze the N-terminal segment on its own. Hence we later took the approach to mutate the key residues in the HTH motif within the full-length context. The expression of the C-terminal segment was successful, indicating that this segment might be considered as an independently folded C-terminal domain (Stl-CTD).

The Stl-CTD domain is not capable of DNA-binding but binds and inhibits dUTPase {#sec014}
-------------------------------------------------------------------------------

To check the suggested domain functions, the DNA binding ability of Stl-CTD was investigated with electrophoretic mobility shift assay. Increasing concentrations (from 2 μM up to 30 μM) of Stl-CTD was added to 100 ng DNA and mixtures were run on native PAGE gel ([Fig 2A](#pone.0139086.g002){ref-type="fig"}). No DNA shift was observed in any of the Stl-CTD containing samples, while the positive control containing 2 μM Stl clearly showed the expected shift due to complex formation between Stl and DNA (cf [Fig 3](#pone.0139086.g003){ref-type="fig"} in the present work and also Fig 2D in \[[@pone.0139086.ref010]\]).

![DNA and protein binding ability of Stl-CTD.\
**(A) Electrophoretic mobility shift assay** was performed to investigate the DNA binding ability of Stl-CTD. Species and concentrations given in monomers are indicated on the figure. The band of the dsDNA is only shifted upwards if wild type Stl is added but there is no shift even at high concentrations Stl-CTD. **(B) Native gel electrophoresis** experiment was performed to investigate the dUTPase binding ability of Stl-CTD. Species and concentrations given in monomers are indicated. The mixture of Stl-CTD and Φ11 dUTPase shows up in distinct position comparing to the individual proteins, which clearly indicate the complex formation. **(C) Activity of the Φ11 dUTPase** was measured in the presence and absence of Stl-CTD. Each measurement was repeated three times. The quadratic binding equation was fit to the data resulted in the apparent K~i~ = 1.5 ± 0.5 nM. The total change in amplitude of the activity was 40%.](pone.0139086.g002){#pone.0139086.g002}

![DNA binding domain of bacteriophage repressors.\
**(A) Sequence alignment of the HTH motifs of bacteriophage repressors and Stl.** The number before each segment is the amino acid sequence number of the first residue in the sequence. Helices are with gray background, similar residues are in bold, box highlights residues interacting with DNA nucleobases. PDB ID of the proteins is indicated on the right side of the sequences. **(B) Experimentally determined structure of the DNA-bound CI bacteriophage repressor** DNA cartoons orange, protein cartoon: dark blue for HTHs, otherwise cyan. DNA bases and DNA interacting amino acid residues are stick representation with atomic coloring (protein carbon yellow, DNA carbon green, oxygen red, nitrogen blue, phosphorus orange.) The PDB ID of the structure is indicated. Stereo representation of all experimentally determined protein-DNA complex structures represented in the sequence alignment in this figure are available in [S3](#pone.0139086.s004){ref-type="supplementary-material"}--[S9](#pone.0139086.s010){ref-type="supplementary-material"} Figs.](pone.0139086.g003){#pone.0139086.g003}

The interaction of Stl-CTD with Φ11 dUTPase was tested by two independent methods. Native polyacrylamide gel electrophoresis experiment was performed with the mixture of the two proteins ([Fig 2B](#pone.0139086.g002){ref-type="fig"}). Similarly to our previous results with wild type full length Stl \[[@pone.0139086.ref010]\], the band corresponding to the complex of Stl-CTD: Φ11 dUTPase shows up at a distinct position as compared to the positions of the two individual proteins. The interaction of the two proteins was also investigated by measuring the effect of Stl-CTD on dUTPase activity ([Fig 2C](#pone.0139086.g002){ref-type="fig"}). Stl-CTD inhibited the dUTPase activity with the apparent inhibitory constant of K~i~ = 1.5 ± 0.5 nM. However, in contrast to wild type full length Stl, which caused a practically complete loss of dUTPase activity if added in high excess \[[@pone.0139086.ref010]\], the maximum inhibitory effect exerted by Stl-CTD on dUTPase was about 40% even at saturating inhibitor concentration. The difference in maximal dUTPase inhibition as compared to the wild type Stl suggests that the amino-terminal segment of Stl may also contribute to the interaction between the two proteins. In summary, these data show that the C-terminal segment of Stl lacks the potential for DNA-binding while partially constitutes ability for dUTPase binding and inhibition. These observations suggest that while the C-terminal segment is capable folding on its own, it does not possess full functional capability for either of the two function of the full-length Stl protein.

Specific point mutations within the putative helix-turn-helix motif of the Stl N-terminal segment result in decreased DNA binding ability {#sec015}
-----------------------------------------------------------------------------------------------------------------------------------------

To verify the prediction for a helix-turn-helix (HTH) motif, point mutations were performed within the Stl protein to abolish DNA binding. Design of these mutations was based on experimentally determined three-dimensional structures of DNA-bound bacteriophage repressors. As of present, 3D structures for seven such proteins are available in the PDB, among these we have focused on the best resolution structures, for which the PDB IDs are as follow: 1LMB; 6CRO, 2OR1, 3CRO, 2R1J, 3ZHM, 3QWS \[[@pone.0139086.ref055]--[@pone.0139086.ref060]\]. Besides the structural similarity of these phage repressor HTHs, five of those showed high level of sequence similarity to each other ([Fig 3A](#pone.0139086.g003){ref-type="fig"}), forming the basis of HTH prediction \[[@pone.0139086.ref044]\]. These structures together with numerous additional studies have established that the residues responsible for specific DNA binding are situated on the second helix of the HTH \[[@pone.0139086.ref061]--[@pone.0139086.ref063]\]. As shown on [Fig 3A](#pone.0139086.g003){ref-type="fig"}, with the exception of N15 phage Cro repressor, two residues could be identified as being conserved in different repressor-related HTH motifs, and moreover, in the published 3D structures, the role of these residues were also well defined. Namely, the first two residues of the second helix of the HTH motif provide H-bonding interaction with DNA nucleobases ([Fig 3](#pone.0139086.g003){ref-type="fig"}, [S3](#pone.0139086.s004){ref-type="supplementary-material"}--[S9](#pone.0139086.s010){ref-type="supplementary-material"} Figs). In the Stl protein, two similar polar residues show up at the same site within the predicted HTH motif ([Fig 3A](#pone.0139086.g003){ref-type="fig"}). In conclusion, based on the sequence alignment of the predicted Stl HTH with different HTHs and the superimposition of the Stl Phyre2 structural model on the crystal structures of these repressors, mutations of the polar residues Q40-N41 in the second helix were performed. To preserve the helical secondary structure while erasing the potential H-bonding ability, these two residues were exchanged into alanines. A similar double alanine mutational analysis was successfully performed with the TP901 repressor and yielded important insights \[[@pone.0139086.ref060]\].

According to the expectation, the double mutant (Q40-N41 -- A40-A41) Stl construct (termed as Stl-AA) proved to be highly defective in DNA binding based on EMSA experiments ([Fig 4](#pone.0139086.g004){ref-type="fig"}, [S10 Fig](#pone.0139086.s011){ref-type="supplementary-material"}). To verify that the double mutations within the HTH motif did not perturb dUTPase binding ability, we checked whether the double mutant protein may still form a complex with dUTPase. We showed that the complex between Stl-AA and dUTPase is readily observable on native polyacrylamide gel electrophoresis ([S11 Fig](#pone.0139086.s012){ref-type="supplementary-material"}). Also, dUTPase inhibition by the Stl-AA mutant has practically the same characteristics as compared to the inhibitory effect of wild type Stl ([S12 Fig](#pone.0139086.s013){ref-type="supplementary-material"}): the inhibitory constant has been determined to be 1.4 ± 0.9 nM, and the maximal inhibition was above 90%. Comparing to the wild type Stl the inhibition effect of Stl-AA on Ф11 dUTPase is not perturbed \[[@pone.0139086.ref010]\]. Based on these findings, the design of an *in vivo* reporter system in in progress in our laboratory to test Stl-DNA and Stl-dUTPase interactions.

![Electrophoretic mobility shift assay (EMSA) for testing the DNA binding ability of Stl constructs.\
**(A)** Result of EMSA with the wild type Stl protein. Note that the DNA band is shifted upwards at 1 μM Stl concentration. **(B)** EMSA gel result of Stl-AA mutant protein. Note that even at relatively high (ie. 3 μM) concentration of the Stl-AA mutant construct, most DNA still appears at the lower position on the gel, indicating lack of binding to the mutant protein.](pone.0139086.g004){#pone.0139086.g004}

General model for Stl-like repressors in *Staphylococci* {#sec016}
--------------------------------------------------------

The group of Stl-like repressors has a major regulatory effect on the replication and subsequent horizontal transfer of mobile genetic elements in *Staphyloccoccal* strains. However, their structural and functional traits have not yet been addressed in details. In the present study, we have used the Phyre2 3D structural modeller software and the resulting model structure was in excellent agreement with experimentally determined structural elements via synchrotron radiation CD spectroscopy. Domain prediction based on this model did, in fact, make it possible to design an independently folding truncated construct (Stl-CTD). This domain lost DNA-binding capability but still preserved functionality with respect to binding and inhibition of dUTPase. Another *in silico* prediction method was also used with success in the present study: the HTH motif of Stl could be localized with confidence and this result could be fully ascertained by wetlab experiments (point mutations, EMSA and other assays).

Based on the success of these *in silico* predictions in the context of our Stl-focused study, we made an additional more generalized approach to decide if similar structural/functional elements may be identified in other representatives of the family of Stl-like repressors, as well. Towards this end, we first ran the HTH predictor on the different repressor protein sequences within the diverse *S*. *aureus* pathogenicity islands. [Fig 5](#pone.0139086.g005){ref-type="fig"} shows an alignment for the HTH motif identified in the diverse repressors: out of the 12 repressor sequences, HTH could be identified in 8 proteins with a probability above 50% (Table B in [S1 File](#pone.0139086.s001){ref-type="supplementary-material"}). In all of these cases, the HTH motif is located at the N-terminal part of the proteins.

![(A) Sequence alignment for the HTH segments of Stl-like repressors.\
Identical residues are in red (\*), strongly similar (:) residues are in green, weakly similar residues are in blue (.). The protein investigated in the current study, termed as Stl throughput the text, is boxed (it is equivalent to the repressor of the SaPIbov1 pathogenicity island). **(B) Superimpositioned structural models of representative Stl-like repressors from different SaPIs.** Proteins are in cartoon representation. SaPIbov1 Stl is cyan, Stl-like repressors of SaPIbov3, SaPI1, and SsPI15305 pathogenicity islands are violetpurple, salmon, and green, respectively. Predicted HTH motifs of all proteins are colored dark blue. Stereo view of these structures is shown in [S14 Fig](#pone.0139086.s015){ref-type="supplementary-material"}.](pone.0139086.g005){#pone.0139086.g005}

It is worthwhile to point out that there is considerable sequence conservation within these HTH segments, while the other parts of these repressor proteins show high diversity (cf. [Fig 5](#pone.0139086.g005){ref-type="fig"} and [S13 Fig](#pone.0139086.s014){ref-type="supplementary-material"}). Protein Blast analysis of the Stl sequences did not find similarity among these proteins \[[@pone.0139086.ref064]\], however all of these were annotated as functioning as master repressors \[[@pone.0139086.ref065]\]. We have also used the Phyre2 modeler to build 3D models of these Stl-like repressors, to decide if these may possess similar 3D structures despite the high sequence diversity. Although these models are all characterized by a high α-helical content, i.e. similar folding pattern, the overall structures are still greatly diverse except for the well-conserved HTH motif (see structural models in [Fig 5](#pone.0139086.g005){ref-type="fig"}). It is rather probable that the HTH motifs are responsible for sequence-specific DNA binding in all of these repressors. For the case of the Sapibov1 Stl repressor, we have obtained detailed information of the mechanism of de-repression regulated by the dUTPase interacting partner \[[@pone.0139086.ref010]\]. Based on these data and the similar overall folding pattern, we propose that the carboxy-terminal domains of the other Stl-like repressors may constitute binding surface for interaction with other, yet unidentified proteins.

Supporting Information {#sec017}
======================

###### Document including Table A and Table B.

(DOCX)

###### 

Click here for additional data file.

###### Comparison of the 3D models generated by Phyre2 and Modeller.

**(A)** Ribbon representation of the homology model of the *Staphylococcus aureus* pathogenicity island repressor Stl produced by Phyre2 Server \[[@pone.0139086.ref038]\]. Based on the homology model the protein is highly α helical (74%), and seems to be divided into two segments: the amino terminal segment colored cyan and the carboxy-terminal segment colored hotpink. According to Pfam and NCBI CDD the protein is predicted to contain a helix-turn-helix DNA binding motif. The position of the HTH predicted by NPS@ server is colored to dark blue \[[@pone.0139086.ref044]\]. **(B)** Ribbon representation of the homology model of Stl obtained by Modeller \[[@pone.0139086.ref040]\], predicted HTH colored yellow. **(C)** Superimposition of the two models. Both models agreed in that the protein is mostly α-helical and contains an N-terminal HTH motif.

(TIF)

###### 

Click here for additional data file.

###### Disorder prediction and construct design.

Representative curves from the results of flexibility prediction by MetaDisorder server are shown \[[@pone.0139086.ref045]\]. The mid-panel indicates our designed constructs represented as horizontal bars. Bottom-panel shows the secondary structure elements along the sequence, helices from the helix-turn-helix motif are in blue other helices are in purple.

(TIF)

###### 

Click here for additional data file.

###### Experimentally determined structure of the DNA-bound lambda bacteriophage CI repressor (PDB ID 1LMB).

DNA cartoons orange, protein cartoons: dark blue for HTHs, otherwise cyan. DNA bases and DNA interacting amino acid residues are stick representation with atomic coloring (protein carbon yellow, DNA carbon green, oxygen red, nitrogen blue, phosphorus orange.)

(TIF)

###### 

Click here for additional data file.

###### Experimentally determined structure of the DNA-bound lambda bacteriophage Cro repressor (PDB ID 6CRO).

Coloring as in [S3 Fig](#pone.0139086.s004){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Experimentally determined structure of the DNA-bound 434 bacteriophage CI repressor (PDB ID 2OR1).

Coloring as in [S3 Fig](#pone.0139086.s004){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Experimentally determined structure of the DNA-bound 434 bacteriophage Cro repressor (PDB ID 3CRO).

Coloring as in [S3 Fig](#pone.0139086.s004){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Experimentally determined structure of the DNA-bound P22 bacteriophage C2 repressor (PDB ID 2R1J).

Coloring as in [S3 Fig](#pone.0139086.s004){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Experimentally determined structure of the DNA-bound TP901 bacteriophage CI repressor (PDB ID 3ZHM).

Coloring as in [S3 Fig](#pone.0139086.s004){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Experimentally determined structure of the DNA-bound N15 bacteriophage Cro repressor (PDB ID 3QWS) Coloring as in [S3 Fig](#pone.0139086.s004){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Testing the DNA binding ability of Stl-AA.

Electrophoretic mobility shift assay was performed to investigate the DNA binding ability of Stl-AA. Species and concentrations given in monomers are indicated on the figure. The band of the dsDNA is only partially sifted upwards even if high concentrations of Stl-AA. Wild type Stl shows shift of the same amount of DNA at concentration of 1μM (cf. [Fig 3](#pone.0139086.g003){ref-type="fig"}).

(TIF)

###### 

Click here for additional data file.

###### Testing the interaction of Stl-AA with Ф11 dUTPase on native-PAGE.

Native gel electrophoresis experiment was performed to investigate the Ф11 dUTPase binding ability of Stl-AA. Species and concentrations given in monomers are indicated. Comparing to the wild type Stl the complex formation of Stl-AA with Ф11 dUTPase is not perturbed (cf. Fig 1B. in \[[@pone.0139086.ref010]\]).

(TIF)

###### 

Click here for additional data file.

###### Testing the inhibition of Stl-AA with Ф11 dUTPase.

Enzyme activity Ф11dUTPase was measured in mixtures containing different concentrations of Stl-AA. The inhibitory constant has been determined to be 1.4 ± 0.9 nM, and the maximal inhibition was above 90%. Comparing to the wild type Stl the inhibition effect of Stl-AA on Ф11 dUTPase is not perturbed (cf. Fig 2A. in \[[@pone.0139086.ref010]\]).

(TIF)

###### 

Click here for additional data file.

###### Alignment of different SaPI Stl proteins.

Identical residues are red (\*). Strongly similar (:) residues are green, weakly similar residues are blue (.). Residues in the predicted HTH are underlined.

(TIF)

###### 

Click here for additional data file.

###### Stereo view of superimpositioned structural models of representative Stl-like repressors from different SaPIs.

Proteins in cartoon representation. SaPIbov1 Stl is cyan, Stl-like repressors of SaPIbov3, SaPI1, and SsPI15305 pathogenicity islands are violetpurple, salmon, and green, respectively. Predicted HTH motifs of all proteins colored dark blue.

(TIF)

###### 

Click here for additional data file.
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